Abstract-The addition of carbon to silicon-germanium alloys provides the ability to lattice match thick layers with high germanium composition to silicon substrates. Thick strain-free silicon-germanium-carbon (SiGeC) layers on silicon allow the design of optical waveguides that have large optical mode overlap with the waveguide core. In addition, SiGeC/Si heterostructures enable strong confinement of large electron and hole concentrations. The combination of tightly confined carriers and photons can be used to realize high-performance broadband electrooptic modulators based on carrier density-induced refractive index changes. We show that modulators with lengths around 30 µm and turn-on times below 0.2 ns are possible with optimized designs.
I. INTRODUCTION
T HE ADVANTAGES of CMOS-compatible manufacturing and promise of integration with advanced electronics have made the silicon material system an attractive target for photonic system applications. Both all-silicon and silicongermanium electrooptic modulators have been demonstrated [1] - [27] . These devices typically employ the plasma dispersion effect, in which injected carrier density induces change in the refractive index. Modulators based upon the plasma dispersion effect require a good overlap of the optical mode with the region where large carrier concentrations are injected.
In the all-silicon platform, it is difficult to build low-loss structures that tightly confine both the optical mode and injected carriers. Silicon p-i-n homojunction modulators-which constitute the bulk of all-silicon modulators-often require degenerate or nearly degenerate doping to enable high carrier concentrations in the intrinsic region. Keeping the optical mode away from such highly doped layers as well as metal contacts and etched surfaces requires careful design to keep modal loss small [1] . Additionally, the silicon-on-insulator (SOI) waveguide designs that are typically used suffer from poor thermal characteristics at high current levels as a result of the low-thermal conductivity oxide layer below the active region. As a result, maximum performance in all-silicon modulators has been achieved with microcavity resonator designs [1] - [6] . Resonator-based modulators require much lower currents for operation and generate less heat as a result. However, microcavity resonator modulators inherently suffer from narrow optical bandwidth. Broadband SOI modulators are typically limited in speed or have long device lengths [7] - [18] . Although SiGe/Si heterostructures have the potential to meet the challenges mentioned above, the large lattice mismatch between germanium and silicon results in very small values for the critical thickness of epitaxial layers. Consequently, the results for SiGe modulators that have been reported in the literature suffer from small optical confinement factors, long device lengths, and small RC limited bandwidths [19] - [26] .
In this paper, we show that silicon-germanium-carbon (SiGeC) alloy heterostructures can be used to design optical waveguides that can confine both the injected carriers and the optical mode to the waveguide core, thereby offering opportunities for realizing high-performance compact broadband electrooptic phase/intensity modulators on silicon. SiGeC alloys have been around for more than 10 years and have been used to make various electronic devices such as heterojunction bipolar transistors and thermoelectric coolers [27] , [28] . The optical properties of these alloys have been extensively studied [29] - [31] , and the authors are aware of at least one published result that demonstrated optical waveguiding in these alloys [32] . SiGeC/Si heterostructures have also been used in waveguide photodetectors [33] - [35] . In this paper, we examine SiGeC as the active region material in p-i-n heterostructure electrooptic modulators.
This paper is organized as follows. Section II describes the model for SiGeC optical properties including refractive index and interband absorption. Section III discusses optimization of the waveguide design. Section IV treats modulator high speed switching performance and device length. Section V gives concluding remarks.
II. MATERIAL PROPERTIES

A. Critical Thickness
Achieving high-performance SiGeC electrooptic modulators relies upon the ability to grow thick high-quality epitaxial layers. Pseudomorphic, dislocation-free layers can generally be grown up to the critical thickness h c . Different models for h c exist, but a conservative estimate is obtained by the Matthews-Blakeslee formula for capped layers [36] h c = b 4πf
where b is the Burger's vector modulus, λ is the angle of the Burger's vector, ν is Poisson's ratio, θ is the dislocation angle, and f is the substrate-alloy misfit parameter. Matthews-Blakeslee critical thickness of SiGeC as a function of the germanium and carbon fractions. A Ge:C ratio of 8.5 : 1 results in a layer lattice matched to silicon. The experimentally observed thicknesses of defect-free SiGeC layers have been found to follow the Matthews-Blakeslee formula for carbon fractions less than 0.04 and for Ge:C ratios higher than 8.5 : 1 [37] . Outside these limits SiGeC epitaxial layers tend to develop defects and may even become amorphous [37] . SiGeC layers with carbon fractions between 0.02 and 0.03 have been grown to thicknesses greater than 0.5 µm with good crystal quality [32] . As we will show later, the optimal thickness for SiGeC layers tends to be between 0.2 and 0.3 µm, which is well within the limits of current techniques to grow SiGeC epitaxial layers.
B. Band Offsets and Carrier Confinement
The conduction and valence band profile of the proposed SiSiGeC-Si electrooptic modulator waveguide is shown in Fig. 2 . The conduction band offset between Si and Si 1−x−y Ge x C y for small carbon fractions is given approximately by the relation [38] 
and the heavy hole valence band offset is given as [38] ∆E V = 0.82x − 2.6y.
Note that the addition of carbon helps to increase the conduction band offset between Si and SiGeC compared to that between Si and SiGe. As we will show later, optimal modulator designs typically include germanium and carbon fractions greater than 0.25 and 0.03, respectively. For such a design the conduction band offset is close to 40 meV, and the valence band offset is close to 130 meV. Such large band offset values are adequate to confine the injected electrons and holes in the waveguide active region. We discuss charge confinement in more detail in Section IV.
C. Refractive Index
The authors are not aware of any systematic experimental measurements of the refractive index of SiGeC alloys. The refractive index model-used previously in [32] -depends only on the bandgap of the alloy and the indexes of bulk silicon and germanium. In this paper, the refractive index of a SiGeC layer is assumed to be identical to that of a SiGe layer with the same bandgap. The refractive index of SiGe is given by a linear model used in [39] . Using (2) and (3) with the linear index model for SiGe yields
Dependence of the refractive index and free carrier absorption on the presence of free electrons and holes is assumed to be identical to that in silicon as given in [40] . At 1550 nm, the change in the refractive index and absorption is given by
where ∆α is in units of cm −1 . N e and N h are the electron and hole concentrations in units of cm −3 . At 1300 nm ∆n and ∆α are given by
0.805
D. Material Interband Absorption
High germanium content in core layer can lead to large material absorption at near-IR wavelengths. In this paper, material absorption is calculated using a model for phonon-assisted indirect optical transitions similar to one used previously for SiGe [39] , [41] . The absorption coefficient is given by
Here, E g is the indirect bandgap, T is the temperature, and θ is the phonon equivalent temperature. A a and A e are proportionality factors for the processes of phonon absorption and phonon emission, respectively. The parameters θ, A a , and A e are extracted from experimental absorption results for SiGe alloys [41] . The effect of carbon and strain is neglected with the exception of the modification to the bandgap. Fig. 3 plots the modeled absorption coefficient as a function of composition.
III. MODULATOR ACTIVE REGION DESIGN
A. SiGeC Modulator Design Considerations
We consider Mach-Zehnder broadband electrooptic modulators operating at 1550 and 1300 nm. In this paper, simulations are 1-D and directly treat only the vertical direction of the p-i-n heterostructure modulator; results are extended to 2-D by assuming a device width. The basic device design is shown in Fig. 4 . The Mach-Zehnder interferometer design converts phase modulation in one arm of the interferometer to amplitude/intensity modulation at the output. To achieve good modulation depth a phase shift close to π is needed in one arm of the interferometer with respect to the other arm. Operation of the modulator is based on carrier density-induced refractive index change (plasma dispersion effect) in semiconductors [40] . The waveguide geometry consists of a core SiGeC intrinsic layer that is sandwiched between n-and p-doped Si cladding layers. The core layer helps to confine both the injected carriers as well as the optical mode. Modulator performance is characterized by the modulator length and the switching current needed to achieve a π phase shift. Minimizing current is critical because large switching currents cause heating which changes the refractive index in silicon by as much as +2 · 10 −4 per degree and counteracts the carrier-induced refractive change [42] . Minimizing device length is important in order to avoid modulation bandwidth reduction due to RC effects.
The total phase shift accumulated during propagation through one arm of the modulator is given by
where Γ is the optical confinement factor for the waveguide core, L is the length, λ is the wavelength, and ∆n act is the change in refractive index of the active region due to carrier injection. The device switch-on dynamics are determined by carrier injection and subsequent carrier diffusion in the core layer under an applied forward bias. The switch-off dynamics are governed by carrier sweep out in an electric field under an applied reverse bias. With equal injection of electrons and holes and carrier recombination and leakage out of the active region neglected, an injected current level I will result in carrier concentrations N e and N h given approximately by
Here, h and w are the active region height and width, and t is current injection time. From (5) and (7), the change in index is nearly linearly related to the carrier concentration. Assuming charge neutrality (N h = N e = N ), ∆n act can be written as 
Equation (13) shows that for a given current level, the turnon time is minimized by maximizing Γ/hw. Similarly, for a desired switching time, the current is reduced by increasing Γ/hw.
B. Optimized Modulator Active Region Designs
Fig . 5 shows the optical confinement factor calculated using a 1-D mode solver at 1550 and 1300 nm for the SiGeC waveguide core layer achievable for different carbon fractions as a function of the core layer height. For each carbon fraction and a core layer thickness value, the maximum germanium fraction allowed by critical thickness limitations is chosen. The range of compositions achievable by current growth techniques is not exceeded. Fig. 5 shows that the addition of carbon allows for confinement factor values that are much larger than what is achievable in pure SiGe designs.
As mentioned earlier, Γ/hw rather than Γ is the superior figure of merit for the electrooptic modulator. For the waveguide active region, we assume a width of 0.5 µm to achieve close to unity mode confinement in the horizontal direction. Fig. 6 plots the dependence of Γ/h on the thickness of the core region for the same modulators considered in Fig. 5 . As the core region height increases from small values, the confinement factor Γ increases rapidly, and so does the value of the ratio Γ/h. As the thickness of the core region increases further, the confinement factor increases more slowly, and beyond a certain thickness, the value of the ratio Γ/h decreases as the core layer thickness increases. The maximum value of the ratio Γ/h for different carbon fractions is seen to occur for values of the core layer thickness between 0.2 and 0.3 µm for carbon fractions of 0.02 to 0.04. The maximum value of the ratio Γ/h increases with the carbon fraction of the core layer because a larger carbon fraction allows higher germanium content, a higher core layer index, and therefore tighter optical mode confinement for a given thickness. Table I shows the parameters of the optimized modulators. Compared to modulators with SiGe core layers, SiGeC designs enable values of Γ/h that are larger by factor of as much as 5.
The effect of composition on the Γ/h parameter is more explicitly shown in Fig. 7 , which plots Γ/h as a function of germanium composition for several values of carbon composition at 1550 and 1300 nm. For each germanium and carbon fraction, the core region thickness value is chosen such that the ratio Γ/h is maximized, and the limitations imposed by the critical thickness values are not exceeded. Fig. 7 shows that for high germanium compositions, small values of the critical thickness reduce the value of the ratio Γ/h. It would be desirable to raise the carbon content beyond 4%, which would allow higher germanium content and increase the value of Γ/h even further.
Material interband absorption also forms a barrier to achieving maximum performance. At 1550-nm, interband absorption plays an insignificant role since the photon energy is below the bandgap of the core layer. However, as shown earlier, germanium fractions larger than 0.3 can result in significant optical absorption at 1300 nm. Fig. 8 plots the net modal loss for the modulator waveguide at 1300 nm as a function of the germanium composition of the core layer for several values of the carbon composition. When the carbon fraction is above 0.03 and the germanium fraction is greater than 0.3, modal absorption can become significant and approaches values as high as 20 cm −1 . As a result, compositions which achieve the maximum Γ/h may be undesirable due to high insertion losses.
IV. MODULATOR HIGH-SPEED PERFORMANCE
A. Current Injection and Charge Confinement
In a basic model for the electrical device characteristics, the carrier concentration in the modulator active region with an applied current I is given by
where V is the total core region volume, τ SRH is the Schockley-Reed-Hall carrier recombination lifetime, R Auger (N ) is the Auger recombination rate, and τ leak (N ) is the carrier density dependent time constant associated with current leakage out of the active region due to thermionic emission. Leakage current is dominated by the electron thermionic emission current since the conduction band offsets between SiGeC and Si are much smaller than the valence band offsets. The Auger recombination rate was modeled using an expression given in [43] . Simulations to model current injection and carrier leakage were performed using the package SimWindows [44] , which solves carrier transport equations self-consistently for semiconductor heterostructures in one dimension. Material parameters for SiGeC are somewhat unknown, but a good estimate is given by the parameters of bulk SiGe with the same germanium composition. The material properties used in simulations are shown in Table II . Because the high index waveguide core generally keeps the optical mode away from etched surfaces and metal contacts, the recombination lifetime was assumed to be 20 ns. An example of simulation results is shown in Figs. 9 and 10. Fig. 9 shows the band diagram of the 1550-nm optimized modulator with a carbon composition of 0.03. The applied voltage is 0.80 V in forward bias, which results in a steady-state carrier concentration in the active region of N = N e = N h = 1.27 × 10 18 . Fig. 10 plots the electron and hole current density as a function of position in the device. The minority carrier currents on either side of the junction constitute the leakage current. The tight confinement of carriers by the SiGeC/Si heterostructure is shown by the large amount of recombination that takes place in the modulator active region. Only a small fraction of the injected carriers leak out of the core region.
To find the values of τ leak we considered SiGeC p-i-n heterojunctions with an applied voltage. For value of the applied voltage the minority carrier current density on each side of the p-i-n junction and the carrier concentration N in the active region are obtained. The total minority carrier current density is a good estimate of the current which leaks out of the active region J leak . The electron and hole density leaving the active region are each given by J leak /qh, which must be equal to the leakage term in (14) . This yields
The carbon and germanium fractions of the core layer, as well as the doping in the claddings on the n-and p-sides of the device, can play a significant role in determining the leakage lifetime. Fig. 11 plots τ leak at a carrier density of N = 1 × 10 18 cm −3 for various doping levels in the n-cladding with varying carbon fractions in the waveguide core. The active region compositions and sizes are the optimized values shown in Table I . The acceptor doping level in the p-cladding is twice the doping level in the n-cladding to minimize electron leakage current. Increasing the carbon content (and, therefore, the germanium content) increases carrier confinement and significantly increases the carrier leakage time constant. Increasing the doping level in the cladding also substantially decreases carrier leakage. However, the decrease in leakage must be balanced against the increased free carrier absorption that arises from higher doping levels in the cladding. When the donor doping is kept below 1.5 × 10 18 cm −3 , the insertion loss in a 500-µm modulator is kept below 1 dB. Fig. 12 shows the carrier leakage time constant as a function of the carrier concentration in the core layer for the 1550-nm optimized designs. Doping levels of 1.5 × 10 18 and 3.0 × 10 18 cm −3 were chosen for the n-and p-sides of the device. 
B. Switching Speed and Modulator Length
Equation (14) is adequate to describe the time dependence of the carrier injection process in the core region since carrier transport affects, such as diffusion of the injected carriers to fill the core region, happen on much shorter time scales. For example, the hole diffusion process is expected to take time on the order of h 2 /2D h to fill the core region of thickness h. Here, D h is the hole diffusivity. Using a typical value of 10 cm 2 /s for the hole diffusivity in SiGe [29] , the time taken by holes to diffuse across a 0.2-µm-thick region is found to be less than 20 ps. Therefore, the turn-on time for the modulator is found by simply solving (14) for the time at which the injected carrier density and resultant index change are large enough to achieve a π phase shift for a given device length. Fig. 13 plots the turn-on time of the optimized modulators from Table I with 500-µm length at 1550 and 1300 nm as a function of the current injection level. This turn-on time is expected to be the limiting component determining the switching speed of SiGeC modulators. Turn-off time is the time needed to remove the carriers from the active region, which is accomplished by reverse biasing the device and can be fast [1] . Simulated carrier sweep-out times in [1] are less than 0.2 ns for an SOI modulator with a 0.5-µm-wide junction. Unlike the modulators in [1] , the SiGeC devices considered here have core region widths that are typically less than 0.3 µm for modulators with carbon content greater than 0.02. The device geometry also helps to generate strong well-confined electric fields in the core layer under a reverse bias compared to SOI geometries [1] . These two factors are expected to decrease the turn-off time of SiGeC modulators compared to SOI designs. As a result, we expect that the bandwidth of the device will not be limited by the switch-off time.
Achieving a π phase shift in shorter device lengths requires a larger refractive index change in the active region, which is accomplished by increasing the injected carrier concentration. However, as the refractive index is reduced further by injecting more carriers, the optical mode confinement factor decreases, which necessitates an even-larger refractive index change. In addition, as the carrier concentration rises, the Auger rate and carrier leakage from the active region also increase. As a result, the current required to achieve the desired carrier concentration can be large for short device lengths. Fig. 14 plots the switching time for modulators with a 20-mA total injected current as a function of the modulator length for the optimized modulators from Table I . Fig. 14 shows that for carbon fractions larger than 0.02, sub-100-µm modulator device lengths are possible with switching times around 1 ns. For larger carbon fractions, lengths approaching 20 µm are achievable. The small device lengths are achieved as a result of both the optical mode confinement and the charge confinement provided by the SiGeC/Si heterostructures. The minimum length for designs with carbon fractions below 0.02 is determined by leakage current. For devices with carbon concentrations of 0.02 and above, the leakage current is much smaller, and the length is instead limited by the strong increase in Auger recombination at high carrier concentrations as well as the reduction in optical mode confinement factor.
In practice, the smallest achievable device size is expected to be determined by thermal effects. The calculations for turn-on times in Fig. 14 do not consider device heating from current injection. Device heating would result from carrier recombination and from I 2 R losses at the ohmic contacts. Ohmic contact resistance becomes larger as the device length decreases. For small device lengths, large current densities and contact resistances are expected to cause significant heating, which will ultimately place a limit on the modulator length. Three-dimensional device simulations that take into account heat generation and diffusion are required to study thermal effects in short devices and are left for later work. However, because of the absence of a high thermal impedance oxide layer that is present in SOI devices [1] , heat dissipation is expected to be less of a problem in SiGeC modulators.
V. CONCLUSION
We have proposed and analyzed optically broadband electrooptic modulators based upon the SiGeC/Si material system. SiGeC can be lattice-matched to silicon, which allows for thick layers with large germanium content that can be used to achieve high optical mode confinement in optical waveguides. Additionally, the band offset between Si and SiGeC strongly confine carriers to the waveguide core, which results in strong overlap between large injected carrier concentrations and the optical mode. We show that SiGeC/Si modulators with lengths around 30 µm and turn-on times approaching 0.2 ns are possible with optimized designs. 
